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ABSTRACT
We search for high-redshift (z > 4.5) X-ray AGNs in the deep central (off-axis angle < 5.′7) region
of the 7 Ms Chandra Deep Field-South X-ray image. We compile an initial candidate sample from
direct X-ray detections. We then probe more deeply in the X-ray data by using pre-selected samples
with high spatial resolution NIR/MIR (HST 1.6 µm and Spitzer 4.5 µm) and submillimeter (ALMA
850 µm) observations. The combination of the NIR/MIR and submillimeter pre-selections allows us
to find X-ray sources with a wide range of dust properties and spectral energy distributions (SEDs).
We use the SEDs from the optical to the submillimeter to determine if previous photometric redshifts
were plausible. Only five possible z > 5 X-ray AGNs are found, all of which might also lie at lower
redshifts. If they do lie at high redshifts, then two are Compton-thick AGNs, and three are ALMA
850 µm sources. We find that (i) the number density of X-ray AGNs is dropping rapidly at high
redshifts, (ii) the detected AGNs do not contribute significantly to the photoionization at z > 5, and
(iii) the measured X-ray light density over z = 5 − 10 implies a very low black hole accretion density
with very little growth in the black hole mass density in this redshift range.
Keywords: cosmology: observations — galaxies: distances and redshifts — galaxies: evolution —
galaxies: starburst
1. INTRODUCTION
While large samples of z ∼ 1–5 active galactic nu-
clei (AGNs) have now been assembled (e.g., Brandt &
Alexander 2015), our information on z > 5 AGNs re-
mains far more limited. Only about 30 sources have
been found beyond z = 6.5 (Pons et al. 2019), and only
two beyond z = 7 (Ban˜ados et al. 2018). While some
hundreds of AGNs have been spectroscopically identified
beyond z = 5.5 in the rest-frame optical (e.g., Ban˜ados
et al. 2016), and some tens of these subsequently ob-
served in X-rays (e.g., Nanni et al. 2017; Vito et al.
2019a, 2019b; Salvestrini et al. 2019), these primarily
arise from the extremely luminous tail of the population
(see Figure 1). Direct X-ray searches in the ultradeep
Chandra Deep Fields (CDFs) can detect much fainter
AGNs, but they have yielded only one spectroscopically
identified source beyond z = 5: the z = 5.186 source
found by Barger et al. (2002, 2003) in the CDF-N. The
CDF-S 7 Ms X-ray image (Luo et al. 2017; hereafter,
L17) is sensitive enough in its central regions to de-
tect AGNs with observed-frame 0.5–2 keV luminosities
& 1042.5 erg s−1 through much of the z = 5–10 range
(see Figure 1), but here, again, there are few spectro-
scopically identified high-redshift sources, with only one
at z > 4.5: the Compton-thick z = 4.762 source found
by Gilli et al. (2011, 2014). In the larger but shallower
COSMOS field, there are only two sources with spec-
troscopic redshifts beyond z = 5 (Marchesi et al. 2016),
with the highest redshift source being the z = 5.3 source
of Capak et al. (2011).
The central regions of both CDFs lie in the CAN-
DELS/GOODS areas where the deep HST (Giavalisco
et al. 2004) and Spitzer (Dickinson et al. 2003; Ashby
et al. 2013; Labbe´ et al. 2015) data allow good photo-
metric redshifts (hereafter, photzs) to be derived. How-
ever, even photzs yield a very small number of potential
high-redshift AGNs (e.g., Giallongo et al. 2015, here-
after, G15; Cappelluti et al. 2016; Weigel et al. 2015;
Pacucci et al. 2016; Parsa et al. 2018, Giallongo et al.
2019), and, as we shall discuss, at least some of these
2are simply photz errors that have placed the sources at
too high of redshifts.
Despite these observational results, the z = 5–10 in-
terval is widely considered to be a key period in the
growth of supermassive black holes (SMBHs) when ac-
cretion and merging turn seed black holes at z > 10
into the SMBHs seen at later redshifts. This process
is most dramatically constrained by the sources host-
ing ∼ 109 M⊙ SMBHs at z = 6–7; their seeds are
theorized to be either . 100 M⊙ Population III stellar
remnants (e.g., Madau & Rees 2001; Volonteri, Haardt
& Madau 2003) or ∼ 105 M⊙ Direct Collapse Black
Holes (DCBHs) formed from the collapse of primordial
gas clouds (e.g., Haehnelt & Rees 1993; Bromm & Loeb
2003; Lodato & Natarajan 2006).
In this paper, we aim to assess whether current X-
ray data on the CDF-S, together with optical through
far-infrared (FIR)/submillimeter data, imply that there
is very little growth in the overall SMBH population
(as opposed to in a small number of extremely lumi-
nous sources) during this period. We will argue that
there are too few detected high-redshift AGNs to ac-
count for any major SMBH growth, and these sources
do not contribute significantly to the photoionization at
these redshifts.
We use (Ωm,ΩΛ, h) = (0.32, 0.68, 0.67) from the
Planck Collaboration VI (2018).
2. REDSHIFTS AND LUMINOSITIES FOR DIRECT
X-RAY DETECTIONS
In Barger et al. (2019), we presented a critically re-
viewed spectroscopic catalog of the 7 Ms X-ray obser-
vations of the CDF-S that was based on the L17 X-
ray sample restricted to off-axis angles < 10′, giving
a sample of 938 X-ray sources. Only the L17 directly
X-ray detected sources are included, and not the L17
supplemental catalog, which uses near-infrared (NIR)
pre-selection. We consider the X-ray properties of a
NIR/mid-infrared (MIR) pre-selected sample in Sec-
tion 3.2.
L17 determined the most probable optical/NIR coun-
terparts to the X-ray sources based on both the 2σ
positional uncertainties of the X-ray sources and the
magnitudes of the potential counterparts. We adopt
these identifications. The spectroscopic identifications
are heavily overlapped with previous summaries, such
as those of L17 and Vito et al. (2018), but differ for a
number of sources. In Barger et al. (2019), we also pro-
vided spectroscopic classifications for the X-ray sources
based on their optical/NIR spectra (see their Table 1).
In total, we have secure redshifts (hereafter, speczs) for
605 of the 938 sources, or 64.5%, and spectroscopic clas-
sifications for 596 of these.
We computed the observed-frame soft (0.5–2 keV) and
hard (2–7 keV) luminosities from
L0.5−2 keV = 4πd
2
Lf0.5−2 keV(1 + z)
Γ−2 erg s−1 , (1)
Figure 1. L0.5−2 keV (see Equation 1) vs. redshift for
spectroscopically identified sources in the CDF-S (black cir-
cles). The gold curve shows the limit corresponding to
f0.5−2 keV = 10
−17 erg cm−2 s−1. When a source is un-
detected in 0.5–2 keV, we plot L2−7 keV (see Equation 2) in
blue. We also show the rough luminosity (green dashed line)
below which X-ray contributions from star formation may
become significant. The purple shaded region shows the pos-
sible luminosities of 104–105 M⊙ direct collapse seeds, if these
radiate at or near the Eddington limit. We assume 10% of
the bolometric luminosity is in the observed-frame 0.5–2 keV
band (Ricarte et al. 2019). The red large circles show X-ray
detected sources above z = 5.5 (Nanni et al. 2017; Ban˜ados
et al. 2018) that were selected from very wide-area optical
surveys.
and
L2−7 keV = 4πd
2
L
f2−7 keV(1 + z)
Γ−2 erg s−1 , (2)
where dL is the luminosity distance, and f0.5−2 keV or
f2−7 keV is the observed flux in that band. We take the
photon index to be Γ = 1.8 for all. These luminosities do
not account for absorption, but at high redshifts, they
correspond to very high rest-frame energies (at z = 5, 3–
12 keV and 12–42 keV, respectively, for the two bands),
where absorption effects should be minimal, except in
the case of the most extreme sources (i.e., Compton
thick or near-Compton thick). We consider this further
in the discussion.
We show the distribution of luminosity versus redshift
for the sources with speczs in Figure 1, where the strong
cut-off above z ∼ 4 can be clearly seen, despite the fact
that luminous X-ray AGNs could easily be detected at
these redshifts.
For the present analysis, we restrict our sample even
further to off-axis angles < 5.′7, thereby selecting the
deepest part of the Chandra image and also where the
Chandra point spread function (PSF) is reasonably uni-
form. As we shall discuss in Section 3.3, this is also
3the region where there are extremely deep Herschel and
ground-based submillimeter observations. There are 526
X-ray sources in this central region. In the soft band
(0.5–2 keV), the sensitivity rises from an on-axis value
of 7 × 10−18 erg cm−2 s−1 to 2 × 10−17 erg cm−2 s−1
at 5.′7 and to just over 10−16 erg cm−2 s−1 at the 10′
outer radius (L17). In the hard band (2–7 keV), the
sensitivities are about a factor of 5 higher.
Because of the extensive high-quality optical/NIR/MIR
data in the CDF-S, numerous groups have estimated
photzs in the region (e.g., Santini et al. 2009, 2015;
Rafferty et al. 2011; Dahlen et al. 2013; Hsu et al. 2014;
Skelton et al. 2014; Straatman et al. 2016). We consider
here the most recent of these catalogs, and, in partic-
ular, the Hsu et al. (2014; hereafter, H14), Santini et
al. (20151; hereafter, CANDELS), and Straatman et al.
(2016; hereafter, ZFOURGE) results, all of which use
the deep Spitzer IRAC data of Ashby et al. (2013) or
Labbe´ et al. (2015).
Vito et al. (2018) concluded that the ZFOURGE
photzs provided the best approximation to the speczs
in the L17 sample, while Barger et al. (2019) favored
the H14 photzs, which are based on galaxy/AGN tem-
plates and give the fewest outliers. Vito et al. (2018)
used the probability distributions of the photzs from
ZFOURGE to analyze the redshift distributions in the
X-ray sample. However, there is considerable scatter in
the estimates from the different catalogs (at least some
of which must arise from the differences in the adopted
templates), so we consider instead the range in redshifts
from the three catalogs as giving an estimate of the un-
certainties. Note that none of the photz codes include ul-
traluminous infrared galaxy (ULIRG) templates, which
are likely to be the best match to heavily obscured AGNs
at z > 2. Thus, when we turn to the FIR/submillimeter
detected sources in Section 3.3, we will also incorporate
redshifts estimated from FIR spectral energy distribu-
tions (SEDs) to test the photz estimates.
Adopting the photzs from H14, when available, and
otherwise those from ZFOURGE (note that we do not
apply any of their quality restrictions to their photzs),
all but 12 of the X-ray sources in the central region have
either speczs or photzs. These 12 sources do not appear
in the optical/NIR catalogs and thus also do not have
CANDELS photzs. In L17, eight of these are described
as unmatched sources and four as matched sources to
CANDELS. However, none of the four claimed matched
sources are present in the Guo et al. (2013) catalog.
Moreover, none of the 12 sources are visible in either the
1.6 µm image or the ultradeep 4.5 µm image of Labbe´
et al. (2015).
Many of these blank or very faint optical/NIR sources
may be false positives in L17. For example, Vito et
1 Santini et al. (2015) published the official CANDELS photzs
derived using techniques described in Dahlen et al. (2013).
al. (2018) used false probabilities greater or approxi-
mately equal to 10−4 to separate false positives. If we
adopt this criterion, then 9 of the 12 are false positives.
These 9 sources are likely not real X-ray detections, and
we do not consider them further in this paper. How-
ever, the remaining 3 sources have lower false proba-
bilities (L17 #226, #238, #492). One of these sources
(L17 #492) lies within 1.′′5 of a bright galaxy, which the
CANDELS photz places at low redshift. We consider
it likely that the X-ray source is associated with this
bright galaxy. However, the remaining two sources are
blank from the optical through the 24 µm and also have
no submillimeter counterpart. While L17 #226 has a
logarithmic false probability of −4.3 and could be spuri-
ous, L17 #238 has a logarithmic false probability of only
−6.4 and appears real in the X-ray images. L17 #238
is also the only one of the 12 with a radio counterpart
in the Miller et al. (2013) catalog. We are unable to do
anything further with these two sources.
Eight of the L17 X-ray catalog sources in the central
region are placed at z > 4.5 by at least one of the photz
estimates. These eight are listed in Table 1, denoted by
their L17 catalog numbers.
3. SEARCHING FOR HIGH-REDSHIFT X-RAY
AGNS USING PRE-SELECTED SAMPLES
We can potentially probe more deeply into the X-
ray population by pre-selecting samples at other wave-
lengths. This has most often been done by choosing
samples in the optical/NIR, which allows one to search
for high-redshift AGNs based on colors or photzs. We
can also stack at the source positions of an optical/NIR
sample, or average the X-ray fluxes or luminosities mea-
sured at those positions to determine the means as a
function of redshift. Such analyses by Willott (2011),
Cowie et al. (2012), and Vito et al. (2016) based on the
CDF-S have failed to detect any significant X-ray signal
in the optical/NIR samples at z > 5, a result we confirm
in Section 3.2.
One possible problem is that the X-ray sources may
be much redder than the average optical/NIR galaxy
at these redshifts, and, thus, the highest redshift X-ray
AGNs may become too faint to detect in the observed-
frame optical/NIR. We investigate this possibility in
Section 3.3 by starting with an ALMA sample. While
the sample is small, we do find several submillimeter
sources that are potential high-redshift luminous X-ray
AGNs.
3.1. Measuring X-ray Fluxes at the Positions of
Pre-Selected Samples
We measured X-ray fluxes for sources in each of the
pre-selected samples (see Sections 3.2 and 3.3) that lie
in the central 5.′7 region, where the Chandra data are
most sensitive, using the X-ray catalog and images pro-
vided by L17. When a source in the L17 catalog has
a counterpart within 1′′, we take the X-ray flux from
4that catalog. The matching is relatively insensitive to
the choice of matching radius, which is based on the 2σ
positional uncertainties from L17 of the fainter Chandra
sources.
For the remaining sources, we measured both the 0.5–
2 keV and 2–7 keV fluxes following the procedure out-
lined in Cowie et al. (2012). We used a circular aper-
ture, which provides a good approximation to the PSF
shape at these small off-axis angles. We adopted a
1.′′25 aperture radius, which provides a good compro-
mise between including most of the counts, maximiz-
ing the signal-to-noise (S/N), and minimizing the con-
tamination from neighboring sources. With the aper-
ture specified, we computed the X-ray counts s−1 from
C = (S − B)/(t), where S is the number of counts in
the aperture, B(= πr2b) is the number of background
counts expected in the same aperture, and t is the ef-
fective exposure time at the position of this aperture.
We measured the mean background b (counts arcsec−2)
in an 8′′–22′′ annulus around the source after clipping
pixels with more than 4 counts. (See Cowie et al. 2012
for an extensive discussion of this choice.) C may be
negative or positive. We converted the counts to fluxes
using a single normalization, which we chose by compar-
ing our aperture fluxes measured for sources in the L17
catalog with the L17 fluxes. We found good agreement
with a scatter of 23%, which is adequate for the present
work. A more complete description, including the error
estimation, may be found in Barger et al. (2019).
If a pre-selected source is detected at > 3σ in either
the 0.5–2 keV or 2–7 keV band, then we consider the
source to be X-ray detected.
3.2. NIR/MIR Pre-Selection
We begin with the 1.6 µm CANDELS catalog of Guo
et al. (2013). We only include sources detected above
10σ in either the HST F160W (1.6 µm) band or the
Spitzer channel 2 (4.5 µm) to optimize the quality of
the photzs, and we restrict to the central 5.′7 region. We
hereafter refer to this as our NIR sample. We measured
the X-ray fluxes at the positions of this sample as de-
scribed in Section 3.1. Notably, none of the 39 galaxies
in the central region with zspec > 4.5 is X-ray detected.
In Figure 2, we plot the F160W over F125W flux
ratio versus redshift (specz, when available, or other-
wise photz) for our NIR sample. In (a), we show the
photzs from H14 and ZFOURGE, and in (b), we show
the photzs from CANDELS. We show X-ray detected
sources in red and the remaining sources in black.
Above z = 4, most sources have flux ratios near 1, re-
flecting the flat fν of unobscured star-forming galaxies
in the near-UV. At lower redshifts, there is a wide spread
in colors, reflecting the wide range of galaxy types. Im-
portantly, all the X-ray detected zphot candidates in Fig-
ure 2 (red large squares) are extremely red in the NIR
bands. In Figure 2(a), there are eight X-ray detected
zphot > 4.5 candidates, while in (b), there are 11. In
Figure 2. (a) 1.6 µm to 1.25 µm flux ratio vs. specz or photz
for the sources in the Guo et al. (2013) 1.6 µm CANDELS
catalog that lie in the central region and are detected above
10σ in either HST F160W (1.6 µm) or Spitzer channel 2
(4.5 µm) (black squares). In (a), we use the H14 photzs,
when available, then the ZFOURGE photzs (Straatman et al.
2016), when available. In (b), we use the CANDELS photzs
(Santini et al. 2015). The red squares show X-ray detected
sources, with larger squares denoting those at zphot > 4.5.
For clarity, we only show 1σ error bars for the redder sources
at zphot > 4.5.
(a), only 2 lie above z = 5 and 1 above z = 6, while in
(b), 3 lie above z = 5 and 2 above z = 6. Pacucci et al.
(2016) used the CANDELS photzs to search for high-
redshift AGNs, and they considered these two zphot > 6
sources to be candidate DCBHs. We discuss them in
more detail below.
If the 11 CANDELS photzs are genuine high-redshift
X-ray sources, then we can see from Figure 2(b) that
they are systematically redder than the non-X-ray pop-
ulation at the same redshift, and, conversely, that a
large fraction of the high-redshift red sources are X-ray
sources. Based on theoretical modeling, Pacucci et al.
5(2016) argue that such red colors may be a good way of
finding high-redshift AGNs. We can see the red colors
of these candidates more clearly in Figure 3, where we
compare a histogram of the F160W to F125W flux ratios
of the X-ray sources in the redshift range z = 4.5–5.5
(the last redshifts where there are a significant number
of sources) (red) to the distribution of non-X-ray sources
in the same redshift range normalized to have the same
number of sources (blue). The X-ray sources are not
consistent with being drawn from the same population
as the non-X-ray sources. A Mann-Whitney test gives
only a one-sided probability of 4 × 10−7 that they are
the same in the redshift range z = 4.5–5.5. The X-ray
sources are, on average, 0.5 mag redder than the non-X-
ray sources in the 1.6 µm to 1.25 µm flux ratio. They are
also more luminous than the non-X-ray sources, again
by about an average 0.5 mag in the 1.6 µm band. This
would imply that the CANDELS hosts containing high-
redshift AGNs are more luminous and much dustier than
the average galaxy at z = 5.
Figure 3. Distribution of the 1.6 µm to 1.25 µm flux ratio
for the sources in the Guo et al. (2013) 1.6 µm CANDELS
catalog that lie in the central region, are detected above 10σ
in eitherHST F160W (1.6 µm) or Spitzer channel 2 (4.5 µm),
have > 3σ detections at 0.5–2 keV or 2–7 keV, and redshifts
in the range z = 4.5–5.5 (red histogram) based on the CAN-
DELS photzs (Santini et al. 2015). The blue curve shows the
distribution for the non-X-ray sources in the same redshift
range normalized to have the same number of sources.
However, all of these results are sensitive to the choice
of photz catalog, and, in particular, to the photomet-
ric templates used. Indeed, a major concern about the
small sample of X-ray detected zphot > 4.5 candidates
is that the photzs may be overestimated, in which case
the sources are really at lower redshifts with lower X-ray
luminosities and colors consistent with the bulk of the
galaxies (see Figure 2).
For example, if we instead use the H14 photz catalog
with its mixed galaxy/AGN templates, then where there
is a H14 photz, most of the X-ray detected CANDELS
zphot > 4.5 candidates lie at lower redshifts. ZFOURGE
gives photzs that are much closer to the CANDELS
photzs, but slightly lower, on average.
In Table 1, we list all 14 sources for which at least
one photz catalog gives zphot > 4.5. These 14 come
either from direct X-ray detections (Section 2) or from
NIR/MIR pre-selected X-ray detections. The NIR/MIR
pre-selection re-identifies seven of the eight direct X-
ray detections. (The exception is L17 #662, which lies
below the S/N cut of our NIR sample at both 1.6 and
4.5 µm). It also adds six pre-selected X-ray detections,
none of which are in the L17 supplementary catalog.
Note that one of the direct X-ray detections only has a
detection in the 2–7 keV band (source 14 in Table 1, or
L17 #802).
At z > 4.5, we expect that the Lyα forest of the inter-
galactic medium should be thick (e.g., Songaila & Cowie
2010), and we should not see flux below the redshifted
Lyα wavelength (< 6688 A˚ at z < 4.5). Vito et al.
(2018) considered source 6 in Table 1 (L17 #341) to be
clearly seen at F435W and F606W and hence not at the
zphot = 5.05 suggested by ZFOURGE. (The measured
F606W flux in the CANDELS catalog is 0.055 ± 0.012
µJy). We mark this redshift with an ‘X’ in Table 1 and
eliminate it from consideration as a high-redshift source.
We postpone consideration of the optical properties of
the remaining sources to Section 4, where we consider
the full SEDs of the candidate high-redshift sources.
We compare with previous work by G15, who iden-
tified 19 NIR pre-selected X-ray detected CANDELS
zphot > 4 candidates in the central region (and a fur-
ther three outside it) based on the 4 Ms Chandra data
set. We fail to confirm a number of these—in some cases
at a very high significance level—as did Cappelluti et
al. (2016), Weigel et al. (2015), and Parsa et al. (2018).
Weigel et al. (2015) concluded that there were no con-
vincing z > 5 sources in the 4 Ms CDF-S sample, while
Cappelluti et al. (2016) found 14 z > 4 sources, with
possibly 3 at z > 5. Parsa et al. (2018) reanalyzed the
G15 sample based on the 4 Ms Chandra image and con-
cluded that there were only seven plausible z > 4 sources,
including one at z > 5. Seven Table 1 sources overlap
with G15, while another seven do not. In Column 8 of
Table 1, we give the 0.5–2 keV fluxes from G15 mea-
sured using the method described in Fiore et al. (2012).
Despite the different methodologies used in the calcula-
tions, the present values agree well with those of G15
for the overlapping sample, though the G15 values are
slightly brighter on average (0.08 dex). The five sources
above 2×10−17 erg cm−2 s−1 are all common to the two
samples and are also in the L17 catalog, as would be ex-
pected given the L17 detection threshold in the central
region.
6Table 1. X-ray Detected zphot > 4.5 Candidates
No. L17 C18 R.A. Decl. log f0.5−2 log f2−7 G15 log f0.5−2 photz 850 µm
No. No. (J2000) (erg cm−2 s−1) C ZF H14 (mJy)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
1 490 · · · 53.111564 -27.767771 -16.01(-17.49) -15.26(-16.76) -15.91 4.52 4.73 3.24 0.00±0.35
2 195 45 53.040976 -27.837662 -16.06(-17.38) -15.45(-16.59) -15.96 9.73 · · · 4.65 2.43±0.21
3 714 7 53.158345 -27.733485 -16.15(-17.33) · · · (-16.53) -16.29 5.22 3.48 2.58 5.60±0.14
4 527 72 53.119890 -27.743035 -16.46(-17.41) · · · (-16.67) -16.48 4.84 · · · 2.40 1.11±0.29
5 657 17 53.146597 -27.870987 -16.54(-17.42) -15.40(-16.65) -16.38 4.70 3.57 2.47 3.80±0.18
6 341 · · · 53.079375 -27.741624 -16.71(-17.36) -15.96(-16.59) · · · 2.09 5.05 X · · · 0.88±0.37
7 · · · · · · 53.087644 -27.720989 -16.76(-17.27) -16.30(-16.46) · · · 4.93 · · · · · · 1.16±0.42
8 662 · · · 53.147915 -27.861805 -16.78(-17.47) -16.55(-16.70) · · · 4.63 4.85 · · · -0.65±0.34
9 · · · 52 53.064687 -27.862554 -16.82(-17.37) -17.31(-16.61) -16.60 6.26 · · · · · · 1.88±0.24
10 · · · · · · 53.199966 -27.774057 -16.83(-17.32) · · · (-16.54) · · · 4.95 4.42 · · · 0.80±0.45
11 · · · · · · 53.108177 -27.825122 -16.83(-17.46) · · · (-16.74) · · · 4.54 4.67 · · · 0.15±0.26
12 · · · · · · 53.197070 -27.827857 -16.86(-17.39) -16.68(-16.61) -16.77 4.52 4.53 · · · 0.86±0.42
13 · · · · · · 53.141126 -27.764356 -16.86(-17.46) -16.79(-16.75) · · · 4.61 4.64 · · · 0.97±0.35
14 802 54 53.181989 -27.814120 · · · (-17.45) -16.09(-16.72) · · · 2.95 9.42 · · · 1.82±0.30
Note— Central region direct X-ray detections from L17 and our NIR/MIR pre-selected X-ray detections (i.e., > 3σ in at least one
of the 0.5–2 or 2–7 keV bands), for which at least one photz catalog gives zphot > 4.5. Table is ordered by decreasing 0.5–2 keV
flux. Columns: (1) z > 4.5 candidate source number, (2) L17 X-ray catalog number for direct X-ray detections, (3) C18 ALMA
catalog number, when available, (4) and (5) NIR R.A. and decl., (6) and (7) logarithms of the 0.5–2 keV and 2–7 keV fluxes, if
the source has a positive flux, and logarithms of the rms noise in parentheses, (8) logarithm of the 0.5–2 keV flux from G15, when
available, (9)–(11) photzs from CANDELS (Santini et al. 2015), ZFOURGE (Straatman et al. 2016), and H14, when available
(the ZFOURGE photz for source 6 is rejected and marked with an X in the Table, see text), and (12) best ALMA 850 µm flux
and rms noise from C18 (Columns 8 and 9 of their Table 4, when available), or SCUBA-2 850 µm flux and rms noise otherwise.
We note that all of this previous work was based on
the 4 Ms image, but Giallongo et al. (2019) provided a
revised list that removed 7 sources from G15 and added
4 based on the deeper 7 Ms image. Eleven of the sources
on this list have z > 4.5 and lie in the central region. All
are placed at high redshift by one or other of the photz
catalogs, but we only detect eight above the 3σ level
in the 0.5–2 keV band. These are the seven overlap-
ping sources in Table 1, plus source 8 (Luo #662). The
revised fluxes in Giallongo et al. (2019) are in slightly
better agreement with the present measurements, with
an average offset of 0.04 dex.
We note that the remaining three Giallongo et al.
(2019) sources have positive measured fluxes in the 0.5–
2 keV band (though not in the 2–7 keV band) with S/N
of 1.4, 1.5, and 2.6.
For the present purpose, the key point is that the
NIR/MIR pre-selection finds very few X-ray sources
above z = 4.5, even with the most optimistic photz esti-
mates. We demonstrate this in more detail in Figure 4,
where we plot L0.5−2 keV versus redshift using (a) the
CANDELS photzs, which give the largest number of X-
ray detected zphotz > 4 candidates (red circles), and (b)
the ZFOURGE photzs.
Many of the X-ray detected sources are low enough
in luminosity that they could contain substantial star
formation contributions to the X-ray luminosities (see
Barger et al. 2019 for a recent discussion). These
contributions may become significant at or below ∼
1042 erg s−1, though for extreme star formers, the val-
ues produced by the hard X-ray binaries can be some-
what higher, with star formation producing as much as
1042.5 erg s−1 for strong submillimeter sources.
Only one of the high-redshift candidates (source 2
in Table 1, C18 #45 or L17 #195) is detected in the
1.4 GHz sample of Miller et al. (2013), with a flux of
89.2 µJy. This is only a moderately bright submillimeter
source with an 850 µm flux of 2.4± 0.2 mJy. Regardless
of the chosen photz, the low ratio of the submillime-
ter flux to the radio power would argue that the radio
emission is AGN dominated (Barger et al. 2017).
We also show the error-weighted mean X-ray lumi-
nosities on Figure 4, where the lengths of the lines cor-
respond to ±1σ (blue thick lines). We summarize these
7Figure 4. L0.5−−2 keV vs. specz or photz (CANDELS
photzs from Santini et al. 2015 in (a) and ZFOURGE photzs
from Straatman et al. 2016 in (b)) for the z > 4 sources
(black squares) in the Guo et al. (2013) 1.6 µm CANDELS
catalog that lie in the central region and are detected above
10σ in either F160W (1.6 µm) or Spitzer channel 2 (4.5 µm).
The X-ray error bars are ±1σ. The red large circles show
those sources with > 3σ detections at 0.5–2 keV. Sources
with L0.5−2 keV > 10
43 erg s−1 are shown at 9×1042 erg s−1.
For the one source (L17 #802) detected in the 2–7 keV band
but not in the 0.5–2 keV band, we use L2−−7 keV (green cir-
cle). (Note that this source only appears in (b), because its
CANDELS photz is only zphot = 2.95.) The blue thick lines
show the error-weighted mean X-ray luminosities in the red-
shift intervals z = 4–5, 5–6, 6–7, and 7–8, where the lengths
of the lines correspond to ±1σ. Only redshift intervals with
more than 10 sources are shown. The purple enclosing circles
mark the sources that are also ALMA sources from C18.
in Table 2 for the CANDELS photzs. Above z = 5,
there is no significant signal at a very low level, con-
sistent with previous results (Willott 2011; Cowie et al.
2012; Vito et al. 2016). Thus, there is no evidence of
any AGN activity in the population as a whole. Similar
results are found for the other photz estimates.
We also mark the sources that are also ALMA sources
from Cowie et al. (2018; hereafter, C18; their Table 4)
with purple enclosing circles. These six sources are iden-
tifiable in Table 1 by their C18 numbers in Column 2.
In both panels, all of the luminous X-ray sources above
z = 5 are ALMA sources. This allows us to make an
alternative estimate of the photzs using the FIR SEDs.
Some of these sources could be luminous dusty star for-
mers, but, as we discuss in Section 3.3, these alternative
FIR SED redshift estimates (hereafter, FIRzs) suggest
that at least some of the sources that the optical/NIR
photzs place at very high redshifts are, in fact, at lower
redshifts.
3.3. ALMA Pre-Selection
In C18, we presented our SCUBA-2 and ALMA obser-
vations of the CDF-S. The SCUBA-2 data are very deep
in the inner 100 arcmin2, typically with an 850 µm flux
error less than 0.4 mJy, but degrade with off-axis angle,
reaching a value of 1.3 mJy at a 10′ outer radius. The
maximum noise within the X-ray central region (i.e.,
within an off-axis angle of 5.′7; see Section 2) is 0.51 mJy,
and here all of the > 2.25 mJy 850 µm SCUBA-2 sources
have been observed with ALMA in band 7. (We re-
fer to all the submillimeter fluxes as 850 µm, ignor-
ing the small differences in the ALMA band 7 wave-
length centers.) A number of fainter SCUBA-2 sources
with 850 µm fluxes below 2.25 mJy have also been
observed, along with a small number of serendipitous
ALMA sources extending to fluxes less than 1 mJy.
After restricting the area of the individual ALMA im-
ages to the half-power radius of 8.′′75 where detections
are robust, the combined ALMA imaging covers a to-
tal area of 7.2 arcmin2, with most of that area (i.e.,
5.9 arcmin2) concentrated in the central region. In to-
tal, C18 found 75 > 4.5σ ALMA sources. Here we define
our ALMA sample as the 58 ALMA sources in the cen-
tral region that lie above the SCUBA-2 confusion limit
of 1.65 mJy (Cowie et al. 2017). We measured the X-
ray fluxes at the positions of this sample as described in
Section 3.1.
Most of our ALMA sample have NIR/MIR coun-
terparts (see Table 5 and Figure 10 of C18), and
many of these are strong detections, so they are al-
ready included in our NIR sample of Section 3.2 (54
of the 58 ALMA sources). For these sources, the
FIR/submillimeter SEDs provide an independent check
on the optical/NIR/MIR photzs.
While full fits to the FIR/submillimeter SEDs are op-
timal, and we turn to these for the high-redshift candi-
dates below, we can most easily visualize the constraints
provided by FIR/submillimeter data with a simple color
plot versus redshift. In Figure 5, we plot the 100/850 µm
flux ratio versus redshift (gold circles for speczs, black
circles for photzs) for the 54 sources. We note that
8Figure 5. 100 to 850 µm flux ratio vs. redshift for the 54
ALMA sources in the central region with 850 µm fluxes above
1.65 mJy and NIR/MIR counterparts that are included in
our NIR sample. The gold circles show sources with speczs
and the black circles those with photzs. The photzs used
in (a) are from CANDELS (Santini et al. 2015), while those
used in (b) are from ZFOURGE (Straatman et al. 2016).
The error bars are ±1σ. The blue curve shows the flux ratio
for a redshifted Arp 220 SED template. The green enclosing
circles show sources where either L0.5−2 keV or L2−7 keV are
> 1042.5 erg s−1.
all fluxes are corrected to total and appear to match
well (see C18). The 850 µm flux increases relative to
the 100 µm flux with increasing redshift, resulting in a
rapidly dropping ratio. We illustrate this by redshifting
the Arp 220 SED template (blue curve). The CAN-
DELS photzs in Figure 5(a) have an apparently high
upward scatter relative to the Arp 220 ratio, while the
ZFOURGE photzs in Figure 5(b) lie close to the blue
curve, with the exception of the two very high-redshift
candidates. In both panels, the luminous X-ray sources
(green enclosing circles) tend to lie high, while the small
number of high-redshift candidates lie very high. Fig-
Table 2. 0.5–2 keV Luminosity
zmin zmax Number Mean Luminosity
(1040 erg s−1)
(1) (2) (3) (4)
4.0 5.0 295 20.7±3.1
5.0 6.0 75 7.7±9.8
6.0 7.0 32 -8.0±20.3
7.0 8.0 18 70.1±39.0
Note— Error-weighted mean 0.5–2 keV lu-
minosities for the zphot > 4 sources using
the CANDELS photzs (Santini et al. 2015).
Columns: (1) and (2) Minimum and maxi-
mum redshift of bin, (3) number of sources
in bin, and (4) error-weighted mean X-ray
luminosity of sources in bin.
ure 5 suggests that for these sources, we are either signif-
icantly overestimating their photzs, or their FIR SEDs
are highly anomalous.
Figure 6. 100 to 850 µm flux ratio vs. redshift for our
ALMA sample in the central region with 850 µm fluxes above
1.65 mJy. The gold circles show sources with speczs and the
black circles those with FIRzs. The FIRzs are from C18.
The error bars are ±1σ. The blue curve shows the flux ratio
for a redshifted Arp 220 SED template. The green enclosing
circles show sources where either L0.5−2 keV or L2−7 keV are
> 1042.5 erg s−1.
The four remaining sources in our ALMA sample
(i.e., those not already in our NIR sample) either have
no NIR/MIR counterpart, are blended with a brighter
neighbor object in the optical/NIR, or lie outside the
9Table 3. ALMA Pre-Selected X-ray Detected z > 4.5 Candidates
Table 1 C18 L17 R.A. Decl. log f0.5−2 log f2−7 photz FIRz 850 µm
No. No. No. (J2000) (erg cm−2 s−1) C ZF H14 C18 (mJy)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
3 7 714 53.1584 -27.7336 -16.15(-17.32) · · · (-16.53) 5.22 3.48 2.58 3.37 5.60±0.14
5 17 657 53.1466 -27.8710 -16.54(-17.41) -15.40(-16.65) 4.70 3.57 2.47 7.99 3.80±0.18
· · · 19 472 53.1088 -27.8690 · · · (-17.44) -16.03(-16.68) · · · 4.47 · · · 6.69 3.62±0.17
· · · 44 · · · 53.0872 -27.8402 -16.74(-17.49) -17.06(-16.77) · · · · · · · · · 5.26 2.21±0.12
2 45 195 53.0411 -27.8377 -16.06(-17.38) -15.45(-16.59) 9.73 7.62 4.65 3.09 2.20±0.23
9 52 · · · 53.0648 -27.8626 -16.82(-17.37) -17.31(-16.61) 6.26 4.78 · · · 3.63 1.88±0.24
14 54 802 53.1820 -27.8142 · · · (-17.44) -16.09(-16.71) 2.95 9.42 · · · 1.85 1.82±0.30
Note— Central region ALMA pre-selected X-ray detected sources (> 3σ in at least one of the 0.5–2 or 2–7 keV
bands) for which at least one photz catalog gives zphot > 4.5. Table is ordered by decreasing 850 µm flux. Columns:
(1) Table 1 source number, (2) C18 ALMA catalog number, (3) L17 X-ray catalog number, when available, (4)
and (5) ALMA R.A. and decl., (6) and (7) logarithms of the 0.5–2 keV and 2–7 keV fluxes, if the source has a
positive flux, and logarithms of the rms noise in parentheses, (8)–(10) photzs from CANDELS (Santini et al. 2015),
ZFOURGE (Straatman et al. 2016), and H14, when available, (11) FIRz from C18, and (12) best ALMA 850 µm
flux and rms noise from C18 (Columns 8 and 9 of their Table 4).
CANDELS field (see Figure 10 of C18). For these
sources, we can only rely on the fit to the FIR SED.
As described in C18, we fitted the full ALMA sample
using an Arp 220 SED template to obtain FIRz esti-
mates (Table 5 of C18), since Arp 220 generally provides
a good approximation to the SEDs of ULIRGS with high
speczs.
In Figure 6, we show the same simple color plot, this
time for the FIRzs from C18. Since the FIRz fitting de-
pends strongly on the 100/850 µm flux ratio, the FIRzs
are tightly correlated with this ratio. This only breaks
down at the faintest 100 µm fluxes, where the ratio be-
comes noisy and the SED fit is more constrained by
longer wavelength data.
The primary concern is the possibility that this may
not be representative of sources containing AGNs.
There is one known X-ray source with zspec > 4 in the
wider CDF-S field. This is the Compton-thick source
found by Gilli et al. (2011). We note the recent search
by Circosta et al. (2019) for obscured AGNs in the CDF-
S and their analysis of their SEDs, but only the Gilli et
al. source lies at z > 4.
While the Gilli et al. (2011) source is outside the cen-
tral region at an off-axis angle of 8′, it has a good specz,
it is strongly detected in the submillimeter, and it has
been intensively observed with ALMA. Thus, it appears
to be a near ideal source to compare with the present
sample. It, too, is well approximated by an Arp 220 SED
template, as we illustrate in Figure 7, and zFIR = 4.77
is extremely close to zspec = 4.76, as are the photz esti-
mates (zphot = 4.48 from CANDELS, zphot = 4.84 from
ZFOURGE, and zphot = 4.69 from H14). Thus, for this
object, the various fitting procedures work well and are
consistent. While results on one source are not proof
that the FIRz estimates are reliable in all cases, we fur-
ther note that we find little difference between the resid-
ual fits in AGN and non-AGN ALMA sources, implying
that there are no apparent systemic differences.
Figure 7. FIR SED for the z = 4.76 dusty X-ray source in
the outer part of the CDF-S. Data are from Gilli et al. (2014):
Herschel data are shown in blue, and ALMA in gold. The
error bars are ±1σ. The black curve shows the Arp 220 SED
template fit with zFIR = 4.77.
In Table 3, we summarize all of the ALMA pre-
selected X-ray detected sources above 1.65 mJy where
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one or more of the photzs or FIRzs place the source at
z > 4.5. (This may be compared with Table 6 in C18,
which gives all of the ALMA sources above 1.65 mJy
where either the ZFOURGE photz or the FIRz places
the source at z > 4.) Column 1 lists the number in
this paper’s Table 1, when available, and Column 2 the
number from C18’s Table 4. The remaining columns
give the L17 catalog number, the right ascensions and
declinations, the X-ray fluxes, the various redshift esti-
mates, and the ALMA 850 µm flux.
The FIRz fits place three of Table 3’s sources at zFIR >
4.5. One of these sources (C18 #17 or L17 #657; zFIR =
7.99) is placed at zphot = 3.6 by ZFOURGE and at
zphotz = 4.7 by CANDELS. Another source (C18 #19
or L17 #472; zFIR = 6.69) is not included in Table 1,
because the one available photz by ZFOURGE (zphot =
4.47) places it below z = 4.5. A third source (C18 #44;
zFIR = 5.26) is not in either the main or supplemental
L17 catalogs, but we detect it in the 0.5–2 keV band at
the 5.6σ level. It is not significantly detected in the 2–
7 keV band. However, it is is too faint in the optical/NIR
to have an optical/NIR photz and hence also does not
appear in Table 1.
Combining the samples of Tables 1 and 3 gives a total
of 16 X-ray detected z > 4.5 candidates, of which eight
are also ALMA detected2.
4. INDIVIDUAL HIGH-REDSHIFT AGN
CANDIDATES
As can be seen from Section 3, there is no consistency
in the selection of X-ray detected high-redshift candi-
dates between the various photz and FIRz estimates.
In particular, the FIRzs often do not support the high-
redshift candidates identified by the optical/NIR photzs,
while the photzs would place some of the high-redshift
candidates identified by FIRzs at lower redshifts. How-
ever, there are substantial uncertainties in the template
fitting, particularly for the FIRz fits, and we must also
worry about AGN contributions to the templates for
both the photz and FIRz fits. In this section, we try to
assess what the most robust constraints are on the small
number of X-ray detected high-redshift candidates found
by any of the methods.
We first focus on the eight ALMA pre-selected X-
ray detected z > 4.5 candidates. For these sources,
we can construct the full SEDs from the optical to the
FIR/submillimeter. These full SEDs, which we show in
Figure 8 ordered by decreasing ALMA flux, can be used
to eliminate some of the high-redshift photzs. The op-
tical/NIR data, including all four Spitzer IRAC bands,
are taken preferentially from the ZFOURGE (green cir-
cles) compilation of Straatman et al. (2016), and oth-
erwise from the CANDELS (black circles) compilation
2 Source 4 in Table 1 is the eighth ALMA source; it is not in
Table 3, because it is below 1.65 mJy.
of Guo et al. (2013). The 24 µm and Herschel data
(100 to 350 µm) are from Elbaz et al. (2011) using their
24 µm prior catalog, where possible, or, otherwise, a
measurement made from the matched filter images at
the ALMA position (blue circles). The 450 µm measure-
ment from SCUBA-2 (purple triangle) and the 850 µm
measurement from ALMA (gold square) are both from
C18. The red diamonds show the AZTEC 1.1 mm mea-
surements of Scott et al. (2010). We fitted the SEDs
with the Bayesian energy-balance MAGPHYS code of
Da Cunha et al. (2008), fixing the redshift in the code
independently to each of the ZFOURGE, CANDELS,
and FIRz values for the source. In Figure 8, we show
either the ZFOURGE or CANDELS-based fit in the left
panels and the FIRz-based fit in the right panels (unless
otherwise noted).
The MAGPHYS code only includes star formation ac-
tivity and not AGN activity, which could contribute to
the optical/NIR/MIR portion of the SED. We return to
this point below. We use MAGPHYS, because it allows
us to determine whether a good star formation fit can
be found at the specified redshift based on the χ2, and
it also allows a visualization of departures from a simple
star formation model.
The brightest ALMA source in the sample is source 3
in Table 1 (C18 #7 or L17 #714). The zFIR = 3.37 is
consistent with the ZFOURGE zphot = 3.48; the CAN-
DELS zphot = 5.29. Fixing the redshift in MAGPHYS
to the latter provides a reasonable fit to all but the
24 µm flux, which is much too high for a star-forming
galaxy, yet the overall SED does not appear to show
AGN signatures. We adopt the ZFOURGE redshift of
z = 3.48, which produces an excellent fit to the full
data. We eliminate this source from the high-redshift
candidate sample.
The second brightest ALMA source is source 5 in Ta-
ble 1 (C18 #17 or L17 #657). Adopting zFIR = 7.99
yields an observed 24 µm flux that is too high com-
pared to the model SED fit; this would only be possible
if the source were AGN dominated. The ZFOURGE
zphot = 3.57 does not provide a good fit to a star-
forming galaxy—theMAGPHYS χ2 is 3.48—but a slight
change in the redshift to z = 3.1 produces an excel-
lent fit. (There is a narrow range of z = 2.8–3.2 where
there are good fits that reproduce the 24 µm flux.) In
this one case, we show the z = 3.1 fit in the left panel
of Figure 8 rather than the ZFOURGE or CANDELS-
based fit. At the FIRz-based redshift of zFIR = 7.99,
the star formation fit is poor, because of the 24 µm data
point. However, the SED can be fit by a mixed AGN
and star-forming galaxy contribution. C18 show a fit to
the source with a redshift of z = 7.8 based on a mixed
Type 2 QSO and a star-forming galaxy template (their
Figure 34). This used the SWIRE Type 2 QSO and
Arp 220 templates from Polletta et al. (2007).
Here we place the source in the redshift range z =
2.8 − 8, where the upper limit is based on the 68%
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Figure 8. The best-fit MAGPHYS model SED fit (black curve) overlaid on the data points for the ALMA pre-selected X-ray
detected high-redshift candidates (green = ZFOURGE, black = CANDELS, pink = Spitzer 24 µm, blue = Herschel , purple =
SCUBA-2 450 µm, gold = ALMA 850 µm, red = ALMA or AzTEC 1.1 mm; error bars are 1σ, and sources with < 1σ detections
are shown as 2σ upper limits with downward pointing arrows. In each case, the left panel shows the model SED fit using either
the CANDELS or ZFOURGE photz, and the right panel that using the FIRz. The only exceptions are source 17, where we use
z = 3.1 in the left panel (see text for details), and source 44, where there is no optical/NIR photz, and we use z = 3.5 in the
left panel and z = 6.5 in the right panel (see text for details). The numbers in the top-left corner of each panel are the source
numbers from C18, the chosen redshift for the SED fit, and the χ2 from the MAGPHYS code.
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Figure 8. (Cont)
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Figure 9. (a) 0.5–2 keV and (b) 2–7 keV luminosity
vs. redshift (blue—broad-line AGNs; green—Seyfert type 2s;
purple enclosing circles—ALMA sources). For the sources
with ambiguous redshifts, we show the endpoint redshifts
connected by a black line. For the 0.5–2 keV luminosities in
(a), the sample should be complete to the gold curve, and
we should see all sources > 1042.5 erg s−1 (blue dashed hori-
zontal line) out to z ∼ 6, and all sources > 1043 erg s−1 out
to z ∼ 10.
confidence range in the FIRz fit. The source only be-
comes visible at wavelengths longer than the CANDELS
F125W band, consistent with this redshift range.
The third brightest ALMA source is not in Table 1,
since the only available optical/NIR zphot < 4.5. This is
C18 #19 in Table 3 or L17 #472. There is no CANDELS
or H14 photz, while the ZFOURGE zphot = 4.47 is just
below the formal cutoff; meanwhile, the FIRz estimate
is zFIR = 6.69. There is no indication of AGN activity
in the MIR SED, and good fits to a star-forming galaxy
can be found over a wide range of redshifts. The source
only becomes visible above 3.6 µm, consistent with it
being at high redshift. We adopt a redshift range of
z = 2.7–7, where MAGPHYS gives χ2 < 1.
The fourth brightest ALMA source is not in Table 1,
since it is not included in either the ZFOURGE or CAN-
DELS catalogs. This source is also not in the L17
catalog, but it corresponds to C18 #44, who found
zFIR = 5.26. We have included the 3.6 and 4.5 µm
fluxes from Ashby et al. (2013) and measured 1.25 and
1.6 µm fluxes from the CANDELS data in fitting the
SED. Good MAGPHYS fits to star-forming galaxies can
be found over a wide range of redshifts with χ2 < 1 from
z = 3.5–6.5. For this source, we show the z = 3.5 fit in
the left panel and the z = 6.5 fit in the right panel.
The fifth brightest ALMA source is source 2 in Table 1
(C18 #45 or L17 #195). Here all optical/NIR estimates
imply zphot > 4.5, but the FIRz estimate is zFIR = 3.09.
None of the MAGPHYS fits to star-forming galaxies are
good, and it seems likely the SED is a mixture of an
AGN and a star-forming galaxy with the AGN being re-
quired to explain the MIR excess for models that provide
good fits to the rest-frame UV/optical data. This is one
of Pacucci et al. (2016)’s DCBH candidates. Pacucci et
al. argue that the photz is likely higher than zphot = 5,
but Cappelluti et al. (2016) dismiss a high photz esti-
mate for the source as being a consequence of artifacts in
the SED, without specifying the exact problem. How-
ever, visual inspection of the deep HST images shows
the source as being present in the F814W band, which
would rule out redshifts above z = 6. Here we place
the source in the redshift range z = 3–6 where the lower
redshift is a nominal choice placing the source in the
low-redshift range.
The sixth brightest ALMA source is source 9 in Ta-
ble 1. It is not in the L17 catalog, but it corre-
sponds to C18 #52. This source seems to be well de-
scribed by a star-forming galaxy SED. The higher photzs
(zphot = 4.78 from ZFOURGE and zphot = 6.26 from
CANDELS) give a poor fit at 24 µm, while zFIR = 3.63
gives a good overall fit. While it might be possible to
move this source to a higher redshift by including an
AGN component, as was done for source 5 (C18 #17 or
L17 #657), the FIR shape appears more consistent with
this being a star former. We therefore drop this source
from the z > 4.5 candidate sample.
The seventh brightest ALMA source is source 14 in
Table 1 (C18 #54 or L17 #802). The SED is complex,
and all of the MAGPHYS fits to star-forming galaxies
are poor. It appears that this source has a strong AGN
component. However, the source is clearly detected in
F606W, which rules out z > 4.5, and, in particular, the
ZFOURGE zphot = 9.4. We therefore remove this source
from the high-redshift candidate sample.
The final ALMA detected source is source 4 of Ta-
ble 1 (L17 #527). This source lies below our submil-
limeter flux threshold and is not included in Table 3 (it
is source 72 in C18’s Table 4). The SED is poorly fit at
all redshifts and again may have AGN signatures. We
adopt a redshift range of zphot = 2 (H14) to zphot = 4.8
(CANDELS).
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Table 4. Final z > 4.5 Candidates
No. L17 C18 R.A. Decl. log f0.5−2 log f2−7 z 850 µm logL0.5−2 logL2−7
No. No. (J2000) (erg cm−2 s−1) (mJy) (erg s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
1 · · · · · · 53.1971 -27.8279 -16.86 · · · 4.5(4.2–4.9) 0.86±0.42 42.3 < 42.9
2 · · · · · · 53.1411 -27.7644 -16.86 · · · 4.6(4.0–4.9) 0.97±0.35 42.3 < 42.8
3 · · · · · · 53.1082 -27.8251 -16.83 · · · 4.7(4.6–4.8) 0.15±0.26 42.3 < 42.8
4 490 · · · 53.1116 -27.7678 -16.01 -15.26 4.7(4.5–4.9) 0.00±0.35 43.2 43.9
5 527 72 53.1199 -27.7430 -16.46 · · · 2.0–4.8 1.11±0.29 41.9 – 42.7 < 42.6
6 662 · · · 53.1479 -27.8618 -16.78 -16.32 4.8(4.2–4.9) -0.65±0.34 42.4 42.9
7 · · · · · · 53.0876 -27.7210 -16.76 · · · 4.9(1.0–5.4) 1.16±0.42 42.4 < 43.1
8 · · · 44 53.0872 -27.8402 -16.74 · · · 3.5–6.5 2.21±0.12 42.2 – 42.7 < 42.5 – < 43.6
9 195 45 53.0410 -27.8377 -16.06 -15.45 3.0–6.0 2.43±0.21 42.7 – 43.5 43.4 – 44.0
10 472 19 53.1088 -27.8690 · · · -16.03 2.7–7.0 3.62±0.17 < 41.5 – < 42.4 42.7 – 43.5
11 657 17 53.1466 -27.8710 -16.54 -15.40 2.8–8.0 2.43±0.21 42.2 – 43.2 43.3 – 44.34
Note— Columns: (1) Final z > 4.5 candidate source number, (2) L17 X-ray catalog number, when available, (3) C18 ALMA
catalog number, when available, (4) and (5) CANDELS R.A. and decl. from Guo et al. (2013), except for source 8, where
they are the ALMA R.A. and decl. from C18, (6) and (7) logarithms of the 0.5–2 keV and 2–7 keV fluxes, if the source has
a positive flux, (8) adopted photz (if from ZFOURGE, then we include the 95% confidence range in parentheses), (9) ALMA
850 µm flux from C18, when available, or SCUBA-2 850 µm flux otherwise, (10) and (11) logarithms of the 0.5–2 keV and
2–7 keV luminosities calculated from Equations 1 and 2, respectively.
The remaining sources in Table 1 (excluding source 6
or L17 #341) all lie at the low end of our high-redshift
range (z = 4.5 − 5) and have broadly consistent opti-
cal/NIR photzs. For these, we adopt the ZFOURGE
photzs, but none of the discussion is dependent on this
choice.
In Table 4, we summarize the 11 sources of our final
z > 4.5 candidate sample. For sources where we adopt
the ZFOURGE photzs, we also provide the 95% confi-
dence range in the table.
In Figure 9, we plot X-ray luminosity versus redshift.
Above z = 4.5, the figure is based on Table 4, while
at lower redshifts, it is based on the redshift compila-
tion of Barger et al. (2019). Sources with ambiguous
redshifts are shown as endpoint redshifts connected by
a black line. The number density of luminous AGNs
drops rapidly above z = 4, and this is true even if we
place the ambiguous redshift sources at the high end red-
shift values. The 0.5–2 keV sample should be complete
to a flux limit of 1.45× 10−17 erg cm−2 s−1 throughout
the region (L17). Therefore, for the 0.5–2 keV lumi-
nosities in Figure 9(a), the sample should be complete
to the gold curve, and we should see all sources above
1042.5 erg s−1 (blue dashed horizontal line) out to near
z = 6 and sources above 1043 erg s−1 out to z = 10, so
this is not a sensitivity issue.
Almost all of the sources in Table 4 lie just above
z = 4.5, and we are left with only five sources that might
lie above z = 5. (Four based on the ranges discussed
above, and one based on the ZFOURGE 95% confidence
limits.) L17 #657 and L17 #195 have previously been
considered as high-redshift candidates, with L17 #195
considered as a possible candidate DCBH (e.g., Fiore
et al. 2012; G15; Pacucci et al. 2016). The other three
sources (L17 #472, C18 #44, and source 7 in Table 4)
are new candidates. Four sources are ALMA detected.
They also have low effective observed photon indices
with the 2–7 keV flux being much stronger than the
0.5–2 keV flux. This would require them to have very
strong X-ray obscuration, consistent with their red NIR
colors and ALMA counterparts.
Many of the sources in Table 4 have L0.5−2 keV <
1042.5 erg s−1 (Column 10), where the X-ray luminos-
ity could arise from X-ray binary contributions (Barger
et al. 2019). However, given the obscuration potential
mentioned in the previous paragraph, the 2σ upper limit
on L2−7 keV could place them as weak AGNs. For our
primary analysis, we will consider the seven sources with
higher X-ray luminosities (> 1042.5 erg s−1) in one or
other of these bands (i.e., sources 4, 5, 6, 8, 9, 10, and
11 in Table 4). All but one of these are in the L17 cat-
alog (Column 2 of Table 4), and five of them are in the
C18 ALMA catalog (Column 3 of Table 4). Only five
of them potentially lie at z > 5. However, we will also
consider the effects of including the fainter sources on
our conclusions.
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We now consider the constraints imposed by these
sources on the high-redshift AGN luminosity density and
on the obscuration in high-redshift candidates.
5. DISCUSSION
As can be seen from Figure 9 and Table 4, there
are very few X-ray luminous AGNs at z > 4.5. Only
L17 #195 (C18 #45) and L17 #657 (C18 #17), if they
are placed at the highest possible redshifts, could have
quasar luminosities (L2−7 keV > 10
44 erg s−1). This
is consistent with previous findings (e.g., Barger et al.
2003; Fiore et al. 2012; Vito et al. 2018) that the number
density of luminous AGNs drops rapidly above z = 3;
by z = 5, it has fallen by around an order of magnitude.
This is most easily seen in Figure 10, where we show
the evolution of the total number density of sources
with a > 2σ detection in the band and logL0.5−2 keV >
42.5 erg s−1 or logL2−7 keV > 42.5 erg s
−1, with the co-
moving volume computed for an area of 102 arcmin2.
This lower luminosity limit was chosen to separate
cleanly AGNs from star-forming galaxies. The number
density of AGNs falls as 0.9× 10−4((1+ z)/4)−6 Mpc−3
between z = 3 and z = 6 (black curve). (Vito et al.
2018 obtained a slightly steeper slope of −7.59 for this
relation, which we show as the red curve in Figure 10)
Including all of the lower luminosity candidates under
the assumption that they are heavily obscured would in-
crease the z = 5 point by a factor of 1.75, which would
produce a slower evolution at z < 5 and a more abrupt
break to the lower values at the higher redshifts.
Even including all 5 galaxies that might be at z > 5 in
the z =5–7 redshift interval gives only a small contribu-
tion to the required photoionization at these redshifts.
Computing the ionization rate following the assump-
tions about the AGN SED shape and ionizing escape
fraction (f = 1) used in Giallongo et al. (2019), we find
a photoionization rate of 1.7× 10−14 s−1. This extreme
upper limit is only about 10% of the value required by
the IGM ionization level (e.g., Wyithe & Bolton 2011,
who find 1.8 × 10−13 s−1 at z = 6), emphasizing that
such faint high-redshift AGNs do not make a significant
contribution to the ionization.
There are only a small number of possible sources
above z = 5 (between zero and five), so the uncertain-
ties are large. For the highest redshift intervals, the 2σ
upper limits obtained (downward pointing arrows) if we
assume all the sources are at the lower redshift end of
their range are not substantially different than the mea-
sured values obtained if we assume all the sources are
at the higher redshift end of their range. The power law
fit to the z = 3–6 points is consistent with the z > 5
points, regardless of whether we place the sources at
the high redshift or low redshift end of their ranges.
The mean density of AGNs in the z = 5–10 interval is
4.8 × 10−6 Mpc−3 with a 68% confidence range of 2.7–
8.1 × 10−6 Mpc−3, if we place all the sources at their
highest possible redshifts, compared with a 95% confi-
Figure 10. Evolution of the total number of sources
with a > 2σ detection in the band and logL0.5−2 keV >
42.5 erg s−1 or logL2−7 keV > 42.5 erg s
−1 vs. redshift
in the following redshift intervals: 0.5–1.5 (black), 1.5–2.5
(black), 2.5–3.5 (blue), 3.5–4.5 (green), 4.5–5.5 (red), 5.5–
6.5 (purple), 6.5–7.5 (pink), and 7.5–10 (navy blue). The
evolution from z = 3–6 can be fitted with the power law
0.9×10−4((1+ z)/4)−6 Mpc−3 (black curve). The red curve
shows the Vito et al. (2018) slope of -7.59. Solid circles show
the number density based on Table 4, while the open circles
at lower redshifts are based on the L17 catalog using the
redshifts given in Barger et al. (2019). For the high-redshift
intervals, we show the number densities both where all the
sources lie at the higher redshift end of their range and (dis-
placed) where all the sources lie at the lower redshift end of
their range (for these, we plot 95% confidence upper limits;
downward pointing arrows).
dence upper limit of 3.5×10−6 Mpc−3, if we place them
all at their lowest possible redshifts.
The X-ray luminosity density also drops rapidly. In
Figure 11, we show the evolution of the 0.5–7 keV lu-
minosity density, which drops by a factor of 25 or more
between its peak value near z = 2–3 to the values at
z > 5. In the z = 5–10 range, we find a value from 0
to 3.8× 1038 erg s−1 Mpc−3, depending on whether we
place the sources at low or high redshift.
In Figure 12, we plot the effective observed photon
index from L17 versus redshift for the candidate z > 4.5
sources in Table 4 that are detected in the 2–7 keV band
(black large squares). L17 calculated the effective ob-
served photon indices and errors from the hard to soft
band ratios, assuming the 0.5–7 keV spectra of the X-ray
sources are power laws modified by only Galactic absorp-
tion. For sources detected in only one band, they made
a best guess estimate based on the mode values. For
the sources where we are using the ZFOURGE photzs,
we show only a single point. For the remaining sources
where there is a range of redshifts, we show the end
16
Figure 11. Evolution of the 0.5–7 keV luminosity
density of sources with logL0.5−2 keV > 42.5 erg s
−1 or
logL2−7 keV > 42.5 erg s
−1 vs. redshift in the following
redshift intervals: 0.5–1.5 (black), 1.5–2.5 (black), 2.5–3.5
(blue), 3.5–4.5 (green), 4.5–5.5 (red), 5.5–7.5 (purple), and
7.5–10 (navy blue). Solid circles show the luminosity density
based on the high-redshift values in Table 4, while the open
circles at lower redshifts are based on the L17 catalog using
the redshifts given in Barger et al. (2019). The errors are
68% confidence limits based on the number of sources in the
redshift interval. The displaced red point in the z = 4.5–5.5
interval shows the value when lower luminosity sources are
included.
points connected by a black line. However, regardless
of their redshift placement, these sources are unusual
compared to the lower redshift AGNs. We illustrate
this in Figure 12 by also showing the central region 2–
7 keV sample at lower redshifts (black small circles).
We include green curves on the plot to denote absorp-
tion of logNH = 22, 23, and 24 cm
−2 (top to bottom),
which we computed from the effective observed photon
index assuming an intrinsic power law of 1.8. Three
of the five sources are ALMA sources (purple enclosing
circles), which implies high star formation rates. How-
ever, two of these are also Compton-thick (L17 #472
and L17 #657). The third (Luo #195) has an NH value
between 1023 and 1024 cm−2, which is comparable to
most of the lower redshift ALMA detected hard X-ray
sources (C18). For comparison, we also plot the high-
redshift Compton-thick source of Gilli et al. (2011, 2014;
red square). In contrast, neither of the two z < 5 sources
detected in the 2-7 keV band are ALMA detected, and
one (L17 #662) has a low effective observed photon in-
dex consistent with it having little absorption.
In order to compare with models, we need to con-
vert the measured X-ray luminosity density to the black
hole accretion density, which is the predicted quantity.
Given the complexity of the sources and our desire to
have as robust an upper bound on the black hole ac-
Figure 12. Distribution of effective observed photon index
from L17 vs. redshift for the central region X-ray sources
detected in the 2–7 keV band. Below z = 4.5, we use the
redshifts from Barger et al. (2019) based on the speczs, then
H14 photzs, and finally ZFOURGE photzs (black small cir-
cles). Above z = 4.5, we use Table 4 (black large squares),
and when there is a range of redshifts, we show the end points
connected by a black line. For the z > 4.5 sources that are
detected in both the 0.5–2 and 2–7 keV bands, we show the
±1σ error bars. For the remaining z > 4.5 sources, we show
the estimated indices from L17. Purple circles denote ALMA
detected sources, with the solid symbols showing those with
a specz. The red square shows the high-redshift Compton-
thick source of Gilli et al. (2011, 2014). The green curves
from top to bottom show absorption of logNH = 22, 23, and
24 cm−2 computed from the effective observed photon index
assuming an intrinsic power law of 1.8.
cretion density as possible, we do not attempt to apply
simple bolometric corrections (e.g., the Brightman et al.
2017 values calculated for local Compton-thick AGNs)
to calculate the bolometric AGN luminosity from the X-
ray luminosity. This also avoids us having to apply un-
certain absorption corrections to the X-ray luminosities.
We also note that using the MIR to X-ray conversions
of Gandhi et al. (2009) and Asmus et al. (2015) would
produce bolometric luminosity density estimates several
orders of magnitude lower than the maximal torus esti-
mate given below.
Instead, we fit torus models to the observed SEDs of
the sources to determine the maximum possible AGN
bolometric luminosity that can be included. We use the
torus templates of Fritz et al. (2006). We fit the torus to
the observed SEDs without including the star formation
contributions from the galaxy. As we illustrate in Fig-
ure 13, including those contributions could substantially
reduce the limits on the torus. Our torus fitted AGN
bolometric luminosities are strictly an upper bound con-
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Figure 13. Maximum torus fit to L17 #657 (C18 #17)
placed at z = 8. (a) The red curve shows the maximum
bolometric luminosity torus from Fritz et al. (2006) that can
be included at this redshift. The black curve shows the best
fit MAGPHYS star-forming galaxy SED. (b) The black curve
shows a simultaneous star formation and torus fit made using
the SED3FIT program of Berta et al. (2013). The dashed
green curve shows the torus component alone.
strained primarily by the 24 µm and shorter wavelength
Herschel fluxes. Combining the AGN bolometric lumi-
nosities for the five sources, we find a maximum bolo-
metric luminosity density of 7.7×1040 erg s−1 Mpc−3 in
the interval z = 5–10. This is an extreme upper limit,
because we have included all possible redshift sources at
the high-redshift end, and because of our maximal bolo-
metric correction. However, it could still omit extreme
Compton-thick AGNs.
We have also made simultaneous fits to the data us-
ing the Berta et al. (2013) SED3FIT program, which
includes both the MAGPHYS star formation models
Figure 14. Upper bound to the black hole accretion density
in the interval z = 5–8 (black line with downward pointing
arrow) compared with predictions from model simulations
(blue squares—Sijacki et al. 2015; red diamonds—Volonteri
et al. 2016). The upper bound is based on including all
possible sources in the high-redshift interval and using the
maximum bolometric correction. It should be an extreme
upper limit, unless there are significant numbers of extreme
Compton-thick sources.
and the Fritz et al. (2006) torus models. A comparison
with the maximum torus model for source L17 #657
(C18 #17) is shown in Figure 13. In general, the com-
bined star formation and torus fits make a small decrease
of just over a factor of 2 in the torus luminosity density
(3.5 × 1040 erg s−1 Mpc−3) relative to the maximum
torus fits.
If we assume a radiative efficiency of ǫ = 0.1, then the
maximum torus luminosity density converts to a black
hole accretion density of 1.3 × 10−5 M⊙ yr
−1 Mpc−3
in the interval z = 5–10. We do not attempt to as-
sign a statistical error to this, since the primary uncer-
tainties lie in the photzs and in the use of the maxi-
mal torus luminosities. Even with this extreme upper
bound, which is considerably higher than previous es-
timates, such as those of Vito et al. (2016), who give
8.16× 10−7 M⊙ yr
−1 Mpc−3 in the interval z = 4.5–5.5
and 1.76×10−7 M⊙ yr
−1 Mpc−3 in the interval z = 5.5–
6.5, this is lower than the predicted values at z = 5
from simulations (e.g., Sijacki et al. 2015; Volonteri et
al. 2016). We illustrate this in Figure 14.
6. SUMMARY
• We searched for high-redshift (z > 4.5) X-ray
AGNs in the CDF-S by analyzing direct X-ray de-
tections and by probing more deeply using samples
pre-selected at other wavelengths (the NIR/MIR
and the submillimeter).
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• We conducted a detailed review using the SEDs
from the optical to the FIR/submillimeter to de-
termine if previous photzs were plausible.
• Using our final candidate high-redshift sample, we
found that the number density of sources falls
rapidly between z = 3 and z = 6.
• The three highest redshift candidates are both
submillimeter sources and highly obscured X-ray
sources. Two of the sources, if they indeed lie
at such high redshifts, must be Compton-thick
sources, analogous to the z = 4.762 source found
by Gilli et al. (2011, 2014).
• The measured X-ray light density in the interval
z = 5–8 implies a very low black hole accretion
density with very little growth in the black hole
mass density in this redshift range.
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